Introduction
The prevalence of metabolic syndrome (MetS) is increasing worldwide. [1] [2] [3] [4] MetS is frequently complicated with nonalcoholic fatty liver disease (NAFLD). NAFLD progresses to non-alcoholic steatohepatitis (NASH), which is characterized by inflammation, fibrosis, and necrosis. [5] [6] [7] NASH can advance to cirrhosis 8 and hepatocellular carcinoma. 9 In 2012, our group reported a mouse model of NASH. 10 This model was developed by feeding the mice a high-fat diet (HFD) and intravenously injecting oxidized low-density lipoproteins (oxLDLs). Our NASH-model mice exhibit obesity and pathological changes in the liver, such as fat deposition, inflammation, fibrosis, and increased oxidative markers. This animal model might be useful to identify possible pathological changes in NASH mice in various organs other than the liver.
The prevalence of chronic kidney disease (CKD) is reported to be high (21%) in Japanese NASH patients. 11 Regarding to the pathogenesis of CKD, various contributing factors have been proposed; possible changes in the distribution of biomolecules in the kidney of patients with CKD or animal models have not yet been addressed. A technique, i.e., imaging mass spectrometry (IMS), enables the acquisition of a biomolecular ion profile directly from a tissue section and the visualization of the distribution and the volume of each molecule in the tissue section. In the present study, we used an IMS technique to explore the changes in the composition and distribution of lipid molecules in the NASH kidney.
Materials and Methods

Preparation of NASH model mice
Our experiments were approved by the Institutional Animal Care and Use Committee at Hokkaido University (Approval No. 10-0028) and by the ethical committee at the Faculty of Health Sciences, Hokkaido University (Approval No.14-76). NASH mice were developed according to Yimin et al. 10 Briefly, sevenweek-old male C57BL/6J mice were purchased from Charles River Laboratories Japan (Yokohama, Japan) and fed a regular diet (RD) (MF; Oriental Yeast Co., Tokyo) for 7 days of acclimatization. The mice (n = 6) were then divided into two groups: control (n = 3) and NASH mice (n = 3). The NASH mice were fed a HFD (HFD-60; Oriental Yeast Co.) for 23 weeks and injected with oxidized low-density lipoprotein (oxLDL) (0.2 mg/0.2 mL per mouse) eight times intravenously, once every 3 days, from 21 weeks. The control mice were fed on the RD for 23 weeks and phosphate-buffered saline (PBS) (0.2 mL per mouse) was injected instead of oxLDL. All mice were maintained in a temperature-controlled room with a 12-h light/dark diurnal cycle and free access to food and water throughout the experiment.
Sample preparation and histochemistry
The anesthetized mice were sacrificed after fasting for 12 h. The isolated kidney was immediately frozen in liquid nitrogen. Frozen sections of control and NASH were prepared at a thickness of 8 μm by a cryostat (CM1850; Leica Microsystems, Wetzler, Germany) and thaw-mounted onto one indium-tinoxide coated glass slide (Bruker Daltonics, Billerica, MA, USA). The sections on glass slides were immediately dried and stored at -20 C until the IMS analysis. The serial sections were stained with hematoxylin and eosin (HE) and observed with a light microscope.
Imaging mass spectrometry
For the ionization of lipid species in the negative ion mode, 9-aminoacridine (ACROS Organics, Geel, Belgium) was used as a matrix. One milliliter of the matrix solution was prepared at 10 mg/mL in 70% ethanol and sprayed onto the surface of tissue sections using an airbrush (Procon Boy FWA Platinum; 2016 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Non-alcoholic steatohepatitis (NASH) can be complicated with chronic kidney disease (CKD). In this study, changes in the distribution of biomolecules in the kidney were studied in NASH model mice with the use of imaging mass spectrometry (IMS). The mass spectra and ion images of IMS showed that the signals of cardiolipin (CL) species were decreased in the kidney cortex of the NASH mice. The decrease of CL might therefore suggest the kidney involvement of NASH.
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Mr. Hobby, Tokyo). The glass slide was installed into a matrixassisted laser desorption/ionization (MALDI)-time-of-flight (TOF)/TOF system (ultrafleXtreme; Bruker Daltonics). To acquire higher intensity with a good signal-to-noise ratio from a tissue section, the experimental settings of flexControl (Bruker Daltonics) were optimized. The kidney tissue sections were irradiated by a smart beam (Nd:YAG laser, 355 nm wavelength) with 82 -86 μJ/pulse; the irradiation pitch was 70 μm. The laser was run at 2000 Hz of repetition frequency and the number of irradiations for a single area was 2000. The ionized molecules were transferred to TOF by acceleration using 20.00 kV for the electrode at Ion Source 1 and 17.75 kV for the electrode at Ion Source 2. All mass spectra data between m/z 200 -2000 were transferred to flexImaging (Bruker Daltonics). The mass resolution was around 30000 at the mass range of m/z 1400 -1600. All ion images were reconstructed with total ion current (TIC) normalization by software and transferred to Image J (http://imagej.nih.gov/ij/) after modifying the gray scale. Each region, such as pelvis, medulla, and cortex, was selected, and the brightness was calculated as intensity. The intensity ratio in NASH mice against normal were statistically compared using the Wilcoxon test. Tandem mass spectrometry (MS/MS) was performed in the LIFT mode in ultrafleXtreme for the molecular identifications.
Results
Representative results of hematoxylin and eosin (HE) staining of the kidney sections from a control mouse ( Fig. 1a ) and a NASH mouse ( Fig. 1b ) are shown. The pelvis renalis, the medulla, and the cortex were stained dark purple, light purple, and light purple, respectively. Glomeruli (dark purple) were observed in the cortex (insets in Figs. 1a and 1b) . Small tissue deficits were abundant in the cortex of the NASH mice (arrows).
After the IMS analysis in the negative-ion mode on the tissue sections, we averaged the mass spectra from the data points for the control (Fig. 1c ) and NASH mice (Fig. 1d ). The enlarged mass spectra at the range of m/z 1400 -1600 demonstrated a uniform decrease of the signal intensities in the NASH mice (inset in Figs. 1c and 1d ). The eight signals at m/z 1400 -1600 were reconstructed as ion images (Fig. 2) . These ion images showed preferential distributions at the cortex in the NASH mice with a statistically significant decrease of the intensities (p < 0.05, graphs in Figs. 2a, 2c, 2d, and 2h) .
The product ions from the signal at m/z 1450 were assigned according to a previous report ( Fig. 2a ). 12 The signals at m/z 751 and 831 had a difference of 56 Da and 136 Da, respectively, from the signal at m/z 695 ([PA (36:4)-H] -), suggesting PA (36:4) as a substituent (iv and v). Regarding the signal intensities at m/z 279, the two molecules were predicted to have multiple FA (18:2) molecules. Finally, the signal at m/z 1450 was concluded to be [CL (18:2/18:2/18:2/18:1)-H] -.
In the same way, other ions including m/z 1470, 1472, 1498, and 1520 were identified as [CL (74:11)-H] - (Fig. 3b ), [CL (74:10)-H] - (Fig. 3c ), [CL (76:11)-H] - (Fig. 3d) , and [CL (78:14)-H] - (Fig. 3e) , respectively. . All ion images showed a decrease at the cortex in the NASH mouse. The scale bars indicate 2 mm. All ion images were normalized by the total ion current (TIC). The intensities from all ion images were shown as the mean ± standard deviation in each graph. The comparison revealed a decrease in NASH mouse. The asterisk indicates a significant difference with p < 0.05. Fig. 3 Identification of CL species with MS/MS analyses. These analyses were performed directly on a tissue section; the product ion spectra were obtained from a precursor ion at m/z 1450 (a), 1470 (b), 1472 (c), 1498 (d), and 1520 (e). Each product ion corresponded to each fragment of CL (f ). Note the strong signal at m/z 279, suggesting multiple involvement of FA18:2. The signal at m/z 1450 was identified as CL (18:2/18:2/18:2/18:1). In the same way, these other ions including m/z 1470, 1472, 1498, and 1520 were identified as CL (74:11), CL (74:10), CL (76:11), and CL (78:14), respectively.
Discussion
In the present study, we found many tissue deficits in the renal cortex of the NASH mice (Fig. 1b) . It is known that kidney toxicities usually occur in the cortex. 13 In addition, oxidative stresses are strongly related to apoptosis. [14] [15] [16] These data may suggest that the tissue deficits are caused in terms of the toxicity of oxLDL along with the involvement of an apoptotic mechanism.
The decrease in the level of CL might be associated with the pathogenesis of CKD. Most of the CL is localized at the inner mitochondrial membrane as well as complexes with cytochrome c (cyt c) by electrostatic and hydrophobic forces. Having contact with CL is essential for cyt c to participate in the electrontransport chain. Oxidized CL (oxCL) weakens the interaction between cyt c and CL and liberates cyt c to the cytosol. 17 It has been suspected to trigger the mitochondrial switch from ATP generation to apoptosis initialization. The present study demonstrated that a decrease of CL species occurred in the renal cortex of the NASH mice (Fig. 2) ; these changes were associated with the tissue deficits in the renal cortex (Fig. 1b) . These results lead to the suggestion that the frequent complication of CKD in NASH might be explained by CL oxidation and subsequent apoptosis in the kidney. The prevention of kidney involvement in NASH patients through the inhibition of the oxidation of CL in the kidneys might be possible in the future.
